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SUMMARY 
Alternat ive mechanizat ions of  act ive heat  exchange concepts  were analyzed 
f o r  u s e  w i t h  h e a t  of fusion Phase Change Materials (PCM's) i n  t h e  t e m p e r a t u r e  
range of 250' t o  35OoC f o r  s o l a r  and conventional power p l a n t  a p p l i c a t i o n s .  
Over 24 heat exchange concepts were reviewed, and e i g h t  were se l ec t ed  fo r  de -  
t a i l e d  assessment. Two candida tes  were chosen  for   small -scale   experimentat ion:  
a coated tube and she l l  hea t  exchanger  and a d i r e c t  c o n t a c t  r e f l u x  b o i l e r .  
A d i l u t e  e u t e c t i c  m i x t u r e  of sodium n i t r a t e  and sodium hydroxide was se- 
l e c t e d  as t h e  PCM from  over f i f t y  i n o r g a n i c  salt  mix tu res  inves t iga t ed .  Based 
on a salt  screening process ,  e ight  major  component salts  were s e l e c t e d  f o r  
fu r the r  eva lua t ion .  Using  an  economic  assessment  program  coupling  the  candi- 
d a t e  s a l t  mixtures  and heat exchange concepts, NaN03, NaNO , and NaOH appeared 
to  be  the  bes t  ma jo r  components i n  the  t empera tu re  r ange  o$ 250 t o  35OoC. The 
minor  components,   selected  in similar f a sh ion ,  are NaOH, NaOH, and NaN03 ,  re- 
spec t   i ve ly  . 
Pre l iminary  exper iments  wi th  var ious  tube  coa t ings  ind ica ted  tha t  a n i c k e l  
o r  chrome p la t ing  o r  Te f lon  o r  Ryton coa t ing  had promise of being successful.  
A n  e l e c t r o l e s s  n i c k e l  p l a t i n g  was s e l e c t e d  f o r  f u r t h e r  t e s t i n g .  A series of 
tests wi th  n i cke l -p l a t ed  hea t  t r ans fe r  t ubes  showed t h a t  t h e  s o l i d i f y i n g  sodium 
n i t r a t e  a d h e r e d  t o  t h e  t u b e s  and t h e  e x p e r i m e n t  f a i l e d  t o  meet t h e  r e q u i r e d  
d i s c h a r g e  h e a t  t r a n s f e r  ra te  of 10 kW(t). 
Tes t ing  of t h e  r e f l u x  b o i l e r  i s  under way. Direct i n j e c t i o n  of cool  
high-pressure water as a s p r a y  i n t o  t h e  u l l a g e  w a s  accomplished and steam w a s  
generated.  The i n j e c t e d  water w a s  compat ib le  wi th  the  sal t  mixture  under  the 
cond i t ions  imposed. An improved i n j e c t o r  and a modified water prehea ter  are 
b e i n g  r e a d i e d  f o r  " f u l l  up" t e s t i n g .  
INTRODUCTION 
Thermal energy storage (TES) i s  i m p o r t a n t  f o r  e f f i c i e n t  u s e  of energy re- 
sources .  Advanced storage  technologies  can  improve  the  operation  and  economics 
of e l e c t r i c  power systems by s to r ing  excess  o f f -peak  ene rgy  fo r  la ter  u s e  i n  
meeting peak demands. 
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I n  electric u t i l i t i e s ,  b a s e l o a d  is the round-the-clock load that  i s  m e t  
w i t h  t h e  most fue l -e f f ic ien t  equipment .  As t h e  d a i l y  l o a d  i n c r e a s e s ,  t h e  u t i l -  
i t y  i n c r e m e n t a l l y  b r i n g s  t h e  n e x t  most e f f i c i e n t  equipment  on-line.  For  the 
near  term, e n e r g y  s t o r a g e  c a n  e f f e c t i v e l y  i n c r e a s e  t h e  u s e  of ex i s t ing  base load  
equipment. I n  t h e  l o n g e r  term, ene rgy  s to rage  can  inc rease  the  pe rcen tage  o f  
baseload capaci ty .  Thus,  there  is  an  economic i n c e n t i v e  f o r  u t i l i t i e s  t o  u s e  
b a s e l o a d  p l a n t s  t o  meet the  peaking  loads  now m e t  by less fue l - e f f i c i en t  equ ip -  
ment. 
Energy storage i s  a , p r a c t i c a l  n e c e s s i t y  f o r  s o l a r - t h e r m a l  g e n e r a t i o n  of 
electric power. It is  n e c e s s a r y  f o r  p l a n t  s t a b i l i t y  and c o n t r o l  i s s u e s  r e l a t e d  
to  h igh - f r equency  so la r  t r ans i en t s .  Two techniques  can  be  used  to  main ta in  the  
r e l i a b i l i t y  of t h e  g r i d  w i t h  a l a r g e  s o l a r  p l a n t  o n  t h e  l i n e .  I n  t h e  f i r s t  
t e c h n i q u e ,  t h e  s o l a r  p l a n t  is backed up with a conven t iona l  p l an t  t ha t  i s  
p res sed  in to  service as needed a f t e r  a v a i l a b l e  i n s t a n t a n e o u s  s o l a r  power has 
been  supp l i ed  to  the  g r id .  The  second technique  cont ro ls  the  de l ivery  of  power 
t o  t h e  g r i d  so t h a t  t h e  c o l l e c t e d  e n e r g y  c a n  b e  s t o r e d  when it i s  a v a i l a b l e  and 
not  needed to  meet g r i d  demand. This  s tored energy becomes a v a i l a b l e  f o r  elec- 
t r i c  g e n e r a t i o n  when t h e  demand i s  h igh  and  d i r ec t  i n so la t ion  i s  n o t  a v a i l a b l e .  
For t h e s e  a p p l i c a t i o n s ,  t h e  s p e c i f i c  o p e r a t i n g  c o n d i t i o n s  and machinery 
t y p i c a l l y  u s e d  i n  power p l an t s  needs  to  be  cons ide red .  The opera t iona l  reg ime 
of conventional  turbomachinery i s  shown in   F igu re  1 .  In   F igu re  2 ope ra t ing  
c o n d i t i o n s  f o r  c u r r e n t  and advanced solar power p l a n t s  and f o r  u t i l i t y  s y s t e m s  
are shown with corresponding entry f low temperatures .  Notice  that  most  of t h e  
steam power p l a n t s  o p e r a t e  w i t h i n  a band of 4 .1  MPa t o  1 6 . 5  ;Pa (600 p s i a  t o  
2400 ps ia) ;o the  sa tura t ion  tempera tures  cor responding  to  these  pressures  are 
between 250 and 35OoC. 
Heat from s t o r a g e  i s  used t o  b o i l  water and provide high-temperature steam 
t o  t h e  p l a n t .  To provide steam a t  250 t o  35OoC, hea t   should   be   s tored  a t  a 
temperature  greater t h a n  t h e  d e s i r e d  steam temperature.  With an assumed t e m -  
perature  drop of  1 8 O C ,  t he  use fu l  t empera tu re  r ange  fo r  s to rage  media is  from 
268' t o  368OC. S a l t s  w i t h  m e l t i n g  p o i n t s  up t o  4OO0C were thus  cons ide red  in  
PCM select ion.  
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SELECTION  OF HEAT EXCHANGE CONCEPTS 
A cand ida te  hea t  exchange  concep t  app l i cab le  to  l a t en t  hea t  t he rma l  
s to rage  un i t s  mus t  be  capab le  of t r ans fe r r ing  hea t  f rom a s o u r c e  i n t o  t h e  
f rozen  medium caus ing  i t  t o  melt. Likewise,  the concept must be capable of 
t r a n s f e r r i n g  t h e  t h e r m a l  e n e r g y  s t o r e d  i n  t h e  medium t o  a s i n k  w h i l e  t h e  
medium undergoes a s o l i d i f i c a t i o n  p r o c e s s .  I n  b o t h  cases, the concept  should 
p e r m i t  r e l a t i v e l y  h i g h  h e a t  t r a n s f e r  rates while  undergoing the phase changes.  
Because of Honeywell 's  experience using inorganic salts w i t h  a c t i v e  h e a t  
exchange devices, a d i l u t e  e u t e c t i c  medium w a s  used as a b a s i s  i n  f o r m u l a t i n g  
candida te  concepts .  Exper ience  in  working  wi th  d i lu te  eu tec t ic  media  ind ica tes  
t ha t  t he  cha rg ing  o r  me l t ing  p rocess  is no t  a c r i t i ca l  i s s u e ;  h e a t  t r a n s f e r  
du r ing  so l id i f i ca t ion  f rom the  m e l t  is the  ma jo r  i s sue .  
A survey of h e a t  t r a n s f e r  and  chemica l  p rocess ing  l i t e r a tu re  w a s  made t o  
determine the equipment  used industr ia l ly  and the cheni ical  and physical  pro-  
cesses e x p l o i t e d  i n  e x t r a c t i n g  t h e  l a t e n t  h e a t  o f  f u s i o n  f r o m ' a  melt. A n  in-  
v e s t i g a t i o n  o f  c r y s t a l l i z a t i o n  p r o c e s s  was performed t o  d e t e r m i n e  i f  e x i s t i n g  
i n d u s t r i a l  me thods  migh t  be  d i r ec t ly  app l i cab le  to  o r  p rov ide  new i d e a s  f o r  
l a t e n t  h e a t  s t o r a g e  d e s i g n .  
The p r o c e s s i n g  l i t e r a t u r e  i s  l imi t ed  in  cove rage  of heat exchanger crys- 
t a l l i z e r s ,  as t h i s  a p p r o a c h  has of ten  been  d is regarded  in  favor  of  a l te rna t ives .  
The major design and operating problem of a c o o l i n g  c r y s t a l l i z e r  is c r y s t a l  de- 
p o s i t s  on the heat  exchanger  tubes.  Once t h i s  t a k e s  p l a c e ,  t h e  a c c u m u l a t i o n  
can  inc rease  r ap id ly ,  and  no t  on ly  does  the  hea t  t r ans fe r  f rom the  mol t en  salt  
d e c r e a s e  d r a m a t i c a l l y ,  b u t  t h e  s o l i d s  are n o t  i n  a mobile form for pumping. 
Following is a list of d i f f e r e n t  methods used i n  t h e  p a s t  and innovat ive ideas  
p u t  f o r t h  by Honeywell engineers t o  overcome t h e  s o l i d  f i l m  problem. 
0 Mechanical  Solids-removing  Techniques: 
- Agi ta t ion  
- Vibra t ion  
- Ul t ra son ic s  
- I n t e r n a l  s u r f a c e  s c r a p e r s  
- Exte rna l  su r f ace  sc rape r s  
- Flexing  sur faces  
- Tumbling s o l i d s  
- Fluidized beds 
0 Hydraulic  Techniques : 
- Flow v a r i a t i o n s  
- Fluid  puls ing  
- Jet impingement 
- Sprayed surface exchanger 
- Freeze-remelt 
0 Techniques  Involving  Physical   Propert ies  of t h e  S a l t :  
- Crys ta l  volume change 
- Crys ta l  weakening a d d i t i v e  
- Conduct ivi ty-enhancing addi t ives  
- Magnetic s u s c e p t i b i l i t y  
- E l e c t r o s t a t i c  s e p a r a t i o n  
- Finishing and coat ing of heat-exchanger surfaces 
- Delayed nucleat ion and supercool ing 
0 Other  Concepts: 
- Direct contact heat exchange 
- Shot  tower la tent  heat  of  fusion concept  
- P r i l l i n g  t o w e r  c r y s t a l l i z a t i o n  
- Liquid metals sal t  system 
- Immiscible salts 
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- Encapsulat ion (passive system) 
- Distributed tube exchanger (passive system) 
From the survey,  Honeywell  selected the fol lowing concepts  as c a n d i d a t e s  f o r  
f ur . ther   evaluat ion.  
a 
I n t e r n a l  S u r f a c e  S c r a p e r  
Externa l  Sur face  Scraper  
Coated Tube and S h e l l  
Jet Impr  ingement 
Ref lux   Bo i l e r jSe l f   -p re s su r i z ing  
Reflux Boiler /Cont inuous Sal t  Flow Direct Contact 
Reflux  Boi ler /Cont inuous  Sal t  Flow Heat Transfer  
wi th  Hydraul ic  Head Recovery 
Tumbling Abrasive 
3 
These conc,epts embody t h e  most conventional and promising heat transfer proces- 
ses. The passive tube-intensive system w a s  chosen as a reference system 
against  which cost  comparisons could be made. 
A compara t ive  ana lys i s  of t h e  active heat  exchange systems l is ted indi-  
c a t e s  t h a t  t h e  most economical systems are t h o s e  t h a t  employ the  most compact 
h e a t  t r a n s f e r  s u r f a c e s .  The compactness  of  the  tube  and  shell   heat  exchanger 
and t h e  h i g h  h e a t  t r a n s f e r  rate a s s o c i a t e d  w i t h  t h e  d i r e c t  c o n t a c t  r e f l u x  
boi le r  concept  are t h e  two f e a t u r e s  t h a t  a p p e a r  t o  b e  t h e  most promising for 
large-scale  implementat ion,  i . e . ,  1000 MW(t) rate and  6-hour capac i ty .  
The coa ted  tube  and  she l l  concep t  cap i t a l i ze s  on commercial a v a i l a b i l i t y  
of tube and she l l  hea t  exchange r s  and assumes successful development of a non- 
s t i ck  f in i sh  fo r  t he  exchange r  tubes .  S tud ie s  and d i scuss ions  wi th  consu l t an t s  
have  ind ica t ed  tha t  t he re  i s  a good p o s s i b i l i t y  of  achieving major  reduct ions in  
the  adhes ion  s t r eng th  of s o l i d  salts t o  t h e  c o l d  metal su r faces  of the  tubes .  
One technique suggested is  po l i sh ing  the  hea t  t r ans fe r  su r f aces  to  min imize  
the  mechanical  bonding  of  the sal t  to  the  sur face .  Another  technique  involves  
t h e  a p p l i c a t i o n  of a t h i n  c o a t i n g  of an amorphous material o r  a material w i t h  
a c r y s t a l l i z i n g  s t r u c t u r e  d i f f e r e n t  from, ye t   compat ib le   wi th ,   the  sa l t .  This  
might reduce bonding strength of the  microscopic  scale. 
The second system recommended f o r  f u r t h e r  s t u d y  is t h e  d i r e c t  c o n t a c t  re- 
f lux  boi le r .  Al though two heat exchange processes are used (salt  t o  water/ 
steam and condensing steam on  tubes ) ,  t he  ind iv idua l  t he rma l  r e s i s t ances  are 
so low t h a t  t h e i r  sum is less than  the  thermal  resistance of most liquid-to- 
pipe-to-pipe-to-liquid  exchange  processes.  Consequently, a h i g h  o v e r a l l  h e a t  
t ransfer  coef f ic ien t  can  be  cont inuous ly  main ta ined .  Fur thermore ,  the  sys tem 
can  be  des igned  to  ope ra t e  wi thou t  salt  t r a n s f e r  pumps. This  is accomplished 
by g r a v i t y  f i l l i n g  the r e f l u x i n g  b o i l e r  a n d  s u b s e q u e n t l y  e x p e l l i n g  t h e  s l u r r y  
wi th  r e s idua l  steam pressure .  
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Improved thermal  e f f ic iency  through e l imina t ion  of  the  hea t  exchangers  can  
be  ach ieved  in  a system where t h e  h e a t  t r a n s f e r  medium is t h e  working f l u i d .  
The l i f e t i m e  o f  t h i s  t y p e  o f  s y s t e m  is  d i r e c t l y  r e l a t e d  t o  t h e  c o n t e n t  of salt 
remain ing  in  the  working  f lu id  as it e n t e r s  t h e  t u r b i n e .  The salt  conten t  can  
be minimized by good sepa ra to r  des ign .  
COATED TUBE AND SHELL HEAT EXCHANGE CONCEPT  MECHANIZATION 
The coa ted  tube  and  she l l  hea t  exchange  sys tem for  use  wi th  mol ten  salts 
is  similar to  any  conven t iona l  t ube  and she l l  hea t  exchange  sys tem.  The 
d i f f e r e n c e s  l i e  i n  t h e  t u b e  s u r f a c e  p r o p e r t y  a n d  t h e  h e a t  s t o r a g e  medium. 
Ava i l ab le  ev idence  ind ica t e s  t ha t  t he  p rope r  cho ice  o f  t ube  su r faces ,  su r f ace  
preparat ion,  and medium s e l e c t i o n  w i l l  r educe  the  sa l t - t o - tube  bond s t r e n g t h  
t o  p e r m i t  t h e  s o l i d  sa l t  t o  b e  removed by modest hydrodynamic forces. 
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Analysis  showed that t h e  t u b e  and she l l  hea t  exchange  sys tem was t h e  most 
cos t - e f f ec t ive  c losed  hea t  t r ans fe r  sys t em.  Only t h e  o p e n - c y c l e  r e f l u x  b o i l e r ,  
which can take advantage of a h igher  output  tempera ture ,  shows p o s s i b i l i t i e s  
of  being  more  cost-effective.  From the  hardware  development   s tandpoint ,   the  
tube  and  she l l  hea t  exchanger  technology is be t te r  deve loped  and more widely 
used than any other  industr ia l  heat  exchanger  technology.  The main ques t ions  
t o  b e  r e s o l v e d  i n  i t s  a p p l i c a t i o n  t o  m o l t e n  salt thermal  s torage  are t h e  
sui table  combinat ions of  surfaces  and medium, and the  tempera ture ,  f low rate, 
and heat rate range within which the system can be operated.  
F igure  3 i s  a diagram of a typ ica l  counter f low hea t  exchanger  wi th  an  
e n l a r g e d  s e c t i o n  o f  t u b e  b r o k e n  o u t  t o  i l l u s t r a t e  t h e  d i f f e r e n t  s u r f a c e  c o n d i -  
t i o n s  t o  b e  e x p l o r e d .  F i g u r e  5 is a schematic diagram of a 1000 MW(t) system 
wi th  6 hours  of s torage  capac i ty  us ing  tube  and  she l l  hea t  exchangers  to  e f fec t  
t h e  removal of the  hea t  of  fus ion  f rom the  mol ten  sa l t  medium thermal  s torage.  
For t h i s  s y s t e m ,  it is  expected that t h e  maximum s l u r r y  d e n s i t y  t h a t  is r e a d i l y  
t r a n s p o r t a b l e  i n  t h e  p i p e  l i n e s  w i l l  be  on t h e  o r d e r  o f  20 percent .  To 
ach ieve  h igh  l a t en t  hea t  r ecove ry  f rom s to rage ,  t he  s lu r ry  i s  r e t u r n e d  t o  
s t o r a g e  where g r a v i t y  s e p a r a t i o n  i s  u s e d ,  c a u s i n g  t h e  s o l i d s  t o  sett le t o  t h e  
bottom of the  t ank .  The less d e n s e  l i q u i d  rises t o  t h e  t o p  t o  b e  r e c i r c u l a t e d  
through the exchanger.  
I n  a la rge  hea t  exchanger ,  as  was cons ide red  fo r  t he  l a rge - sca l e  sys t em,  
t h e  f l u i d s  i n  t h e  c o u r s e  of a s ing le  pas s  th rough  the  exchange r  w i l l  f low pas t  
several   hundred  rows  of  tubes as d i c t a t e d  by t h e  t u b e  s h e e t s  ( b a f f l e s ) .  It 
becomes a monumental t a s k  t o  b u i l d  a small heat exchanger model with hundreds 
of  ranks  of  tubes ,  bu t  the  e f fec t  'can be approximated by r e c i r c u l a t i n g  t h e  
f low repea ted ly  ove r  t he  same tubes .  This  was the  approach  dec ided  upon f o r  
this  experimental  model .  
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COATED TUBE AND SHELL EXPERIMENT 
This experiment,  shown schemat i ca l ly  in  F igu re  5, c o n s i s t s  of a n  i n s u l a t e d  
mild steel t a n k  t h a t  i s  hea ted  ex te rna l ly  wi th  con t ro l l ab le  gua rd  hea te r s .  A 
sump-type pump is  mounted i n   t h e  main s torage tank such that t h e  pump is  always 
immersed i n  m o l t e n  sal t .  A d i scharge  l i n e  connec t s  t he  salt  pump t o  t h e  f l o w b y  
module. The module c o n s i s t s  o f ; a  r e c t a n g u l a r  chamber wi th  a tubular  cross-f low 
heat  exchanger  which extends across  the test chamber. 
The s o l i d  t u b e s  are i n a c t i v e ;  i. e., they  do  no t  t r ans fe r  hea t  bu t  are f low 
pa t t e rns .  F i f t een  tubes ,  19 millimeters i n  d i a m e t e r ,  are a r r a n g e d  t o  t r a n s m i t  
hea t  (p la in  tubes) .  These  tubes  are blanked off a t  the outboard ends and fed 
wi th  coo l ing  o i l  f rom a mani fo ld  through concent r ic  in te rna l  tubes .  Heated  o i l  
f l ows  ou t  t h rough  the  ou t l e t  o i l  man i fo ld .  
The tube bundle  i s  ar ranged  wi th  separa tor  p la tes  and ,  toge ther  wi th  the  
o i l  m a n i f o l d i n g ,  may be removed as a u n i t  f o r  s e r v i c i n g  and changing of coated 
tube  elements.  When t h e  u n i t  is  i n s e r t e d  i n t o  t h e  test chamber, salt flow, as 
shown by the  a r rows  in  F igu re  5, passes  through the  tube  bundle  three  times. 
Turning vanes maintain a p rope r  f low pa t t e rn  to  s imula t e  a l a rge  tube  bund le .  
A discharge duct  located above and a t  t h e  o u t l e t  of the tube bundle  and 
t h e  sal t  stream channe l s  t he  f low back  to  the  t ank .  A bu t t e r f ly  va lve  r egu-  
lates the  back  p res su re  and  f low l eve l  i n  the  channe l .  A force  guage  a t tached  
t o  a contoured  p in t le  measures  changes  in  momentum of t h e  salt  s l u r r y .  By 
measu r ing  the  l i qu id  he igh t  and by knowing t h e  f o r c e ,  t h e  salt  s lu r ry  f low can  
be  ca lcu la ted .  An electr ical  contact  probe w a s  p l anned  to  de t e rmine  l i qu id  
l e v e l s  i n  t h e  f l o w  meter. A small q u a n t i t y  of s a l t  w i l l  be  con t inua l ly  d ra ined  
of f  the  channel  th rough a tube.  This  salt w i l l  f l o w  i n t o  t h e  main s e t t l i n g  
tank.  
REFLUX BOILER CONCEPT MECHANIZATION 
The r e f l u x  b o i l e r  c o n c e p t  of heat  exchange is  dep ic red  in  F igu re  6 .  The 
molten sal t  thermal  s torage  medium is  pumped a t  h igh  p res su re  in to  the  p re s -  
sure  vesse l ,  where  water i s  i n j e c t e d  i n t o  t h e  sal t .  The water f l a s h e s  t o  
steam, which raises the  p re s su re .  The steam f l o w s  t o  a s h e l l  and tube  conden- 
ser. Here t h e  steam condenses  and  t ransfers  i t s  l a t e n t  h e a t  t o  b o i l  t h e  water 
f lowing   i n s ide   bo i l e r   t ubes .   Th i s  ‘steam can   be   de l ive red   t o  a tu rb ine .  The 
condensate is  c o l l e c t e d  a n d  r e f l u x e d - i n t o  t h e  b o i l e r  t o  start the  cyc le  ove r .  
Because the  condense r  and  r e f lux  bo i l e r  bo th  ope ra t e  a t  n e a r l y  t h e  same 
p res su re ,  t he  condensa te  pump need only supply enough head to overcome the 
salt  h y d r o s t a t i c  head and t h e  t h r o t t l i n g  n e c e s s a r y  t o  a c h i e v e  b a l a n c e d  f l o w s  
through the  in jec t ion  nozz les .  
The sal t  s l u r r y  l e a v i n g  t h e  r e f l u x  b o i l e r  h a s  a l a r g e r  p o t e n t i a l  e n e r g y  
d u e  t o  t h e  h i g h  p r e s s u r e .  A hydraul ic  expander  can  be  used  to  recover  the  VdP 
energy by d i r e c t l y  c o u p l i n g  t h e  e x p a n d e r  t o  t h e  pump. For  incompressible 
f l u i d s ,  a w e l l  designed pump can  be  run  in  r eve r , s e  to  r ecove r  head .  The re fo re ,  
the expander  can be a w e l l  designed motoring pump. S a l t  level c o n t r o l  i n  t h e  
r e f l u x  b o i l e r  w i l l  be  maintained by m o d u l a t i n g  t h e  s l u r r y  d i s c h a r g e  stream. 
A commercial ' s ize  thermal  s torage system is shown schemat ica l ly  in Figure  
7 .  This system was s i z e d  t o  d e l i v e r  1000 W ( t )  f o r  6 hour s  us ing  e igh t  r e f lux -  
ing  boi le rs  and  e ight  condenser  un i t s .  Mol ten  sa l t  is pumped f rom the  top  of 
t h e  s t o r a g e  t a n k  t h r o u g h  t h e  r e f l u x  b o i l e r s ,  a n d  t h e  sa l t  s l u r r y  i s  d i r e c t e d  
back into the bot tom of t h e  s t o r a g e  t a n k s .  S e t t l i n g ,  w i t h  i n c r e a s e d  s e p a r a t i o n  
of t h e  l i q u i d  a n d  s o l i d  p h a s e s ,  w i l l  o c c u r  i n  t h e  s t o r a g e  t a n k s  t o  i n c r e a s e  t h e  
percentage  of  la ten t  hea t  recoverable .  
REFLUX BOILER EXPERIMENT 
The expe r imen ta l  appa ra tus  used  to  model t h e  r e f l u x  b o i l e r  s y s t e m  f o r  a 
lO-kWh(t) capac i ty  and  lO-kW(t) rate must r e s o l v e  t h e  technical i s s u e s . y e t  
circumvent  he  development  of  expensive,   specialized  equipment.   This  can  be 
done by o p e r a t i n g  t h e  model i n  a ba tch  mode and using compressed gas  to  t ransfer  
the  mol ten  sal t  in to  the  sys tem.  This  e l imina tes  the  need  for  a high-pressure 
salt  pump. I n  a d d i t i o n ,  t h e  low-head,  high-temperature pump necessa ry   fo r  
feedwater  ref luxing i s  rep laced  by a low-temperature,  high-pressure pump and 
water p rehea te r .  
The exper imenta l  appara tus ,  shown i n  F i g u r e  8 , c o n s i s t s  of a r e f l u x  b o i l e r  
n e a r l y  f i l l e d  w i t h  m o l t e n  sal t  i n t o  which hot water i s  in j ec t ed  unde r  h igh  
pressure .  The molten sal t  g i v e s  up h e a t  t o  b o i l  t h e  water. The steam bubbles 
t o  t h e  s u r f a c e  of t h e  sal t  and passes  to  the condenser ,  where it condenses on 
the  coo l  condense r  co i l s  hea t ing  the  secondary  hea t  t r ans fe r  f l u id .  For t h e  
exper iment ,   the   secondary   f lu id  w i l l  b e  h e a t  t r a n s f e r  o i l  Mobiltherm 603 t o  
p rov ide  c lose  t empera tu re  con t ro l  and  h igh  hea t  t r ans fe r  rates without  using a 
h igh -p res su re  r ec i r cu la t ing  water loop. 
The water-steam c y c l e  w i l l  no t  be  opera ted  in  a r e f l u x i n g  mode, but w i l l  
be  operated open-loop to  provide an accurate  means of measuring and controlling 
t h e  water i n j e c t i o n  rate. This  i s  achieved by measur ing  the  rate of water 
uptake a t  t h e  pump s u c t i o n  p o r t .  The condensate receiver provides  a means of 
c o l l e c t i n g  a n d  s t o r i n g  a nominal 15-minute flow of water, which can later be 
cooled  and  analyzed  for  sa l t  c o n t e n t  t o  estimate salt  car ryover .   Fur ther  
a n a l y s i s  of sa l t  car ryover  can  be  made by disassembly of  the shel l  and tube 
condenser a t  t h e  end of a test run .  
The advantages of  this  mechanizat ion from a modeling standpoint are: 
0 No high-pressure pumping of sa l t  i s  requi red .  
0 No t h r o t t l i n g  o f  a high-pressure salt  o r  salt  p l u s  water i s  requi red .  
0 No v a l v e s  i n  t h e  sal t  l i n e s  must  be  opened or  c losed  whi le  h igh-  
p r e s s u r e  d i f f e r e n t i a l s  e x i s t  a c r o s s  them. 
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FXPERLMENTAL  RESULTS 
Coated Tube and S h e l l  Flowby 
Tes t ing  of the coated tube and shel l  f lowby concept  has  been completed.  
The module w a s  exercised over  a range of AT'S and sa l t  f l o w  v e l o c i t i e s  f o r  a 
given maximum,oil flow rate. The tube bundle w a s  p l a t e d  w i t h  1 t o  2 m i l s  
of e l e c t r o l e s s  n i c k e l  i n  a c c o r d a n c e  w i t h  MIL-C-26074B. The heat exchange 
module f a i l e d  t o  meet the  r equ i r ed  10  kW(t) h e a t  ext a c t i o n  rate. Overall h e a t  
t ransfer  coef f ic ien ts  ranged  be tween 500 t o  1500 W/m - K f o r  sa l t  v e l o c i t i e s  
of  0 .5  to  1.5 m / s  and  tempera ture  d i f fe rences  of 2 O  t o  12C0. For a given sa l t  
v e l o c i t y  and AT, t he  hea t  t r ans fe r  coe f f i c i en t  dec reased  wi th  time, i n d i c a t i n g  
the bui ldup of  a sal t  l aye r  on  the  tubes .  Inc reas ing  the  s a l t  v e l o c i t y  im- 
p roved  the  hea t  ex t rac t ion  rate, bu t  i nc reas ing  the  AT f o r  a given sal t  flow 
d id  not  improve  the  hea t  ex t rac t ion  ra te .  
5-0 
Reflux Boiler 
Tes t ing  of t h e  r e f l u x  b o i l e r  is  under way. Direct i n j e c t i o n  of cool,   high- 
p re s su re  water as a s p r a y  i n t o  t h e  u l l a g e  w a s  accomplished, and steam w a s  
generated.  The i n j e c t e d  water w a s  compat ible  with the s a l t  mixture  under  the 
conditions  imposed. An improved water i n j e c t o r  and  modified water prehea ter  
a re  b e i n g  r e a d i e d  f o r  " f u l l  up" t e s t i n g .  
345 
